Determining the dynamic properties of structures is important for understanding their seismic behaviour. Ambient vibration signal measurement is one of the approaches used to determine the period of structures. Advantages of this method include the possibility of taking real-time records and presenting nondestructive and rapid solutions. In this study, natural vibration periods are calculated by taking ambient vibration signal records from 40 buildings. e height of the building, infill wall effect, presence of seismic retrofit, and presence of damage are taken into consideration, and their effects on natural vibration periods are investigated. Moreover, the results are compared with the analytical methods to reveal the differences. A significant correlation between the period and height of the building is observed. It is seen that the natural vibration periods of the buildings decrease by 7% to 30% (15% on average) due to infill wall contribution. However, the efficiency of infill walls decreases as the building height increases. Another significant result is that adding shear walls substantially decreases the vibration period values by 23% to 33% with respect to the shear wall ratio. When the analytical estimates and measured building period results are compared, it is seen that analytical models have closer period estimates before infill walls are implemented. e limited data in scope of the study suggest that significant differences may present in the analytical and measured periods of the buildings due to infill wall contributions.
Introduction
Determination of dynamic structural parameters is a basic and indispensable procedure for a proper engineering application. As a result of increasing importance of dynamic loads on structures, it was taken into account in theoretical base in 1920s. e early literature about it was available at 1950s [1, 2] . In the following decades, experimental research data and theoretical dynamics of structures promote numerical and analytical models which help to determine the amplitude of forced vibrations and shape/frequency of fundamental vibration modes of structures. Modelling a structure accommodates many difficulties because of some assumptions, and analytical models might not reflect the cases in practice. e majority of the assumptions in the models come from some dynamic characteristics of structures, and enlightening them in practice by using experimental methods provides a better understanding. A tentative model includes vibration tests and succeeding analysis on the measured data, and this process is called modal testing. Presently, the main testing techniques are single-point and multipoint excitation. e first method excites a structure at one coordinate and measures the response at all the coordinates while the latter implies it at many points at the same time. Both methods have some advantages and disadvantages inherently. e ambient vibration measurement (AVM) is one of the dynamic analysis techniques that works as a singlepoint excitation method [3] . e advantage of the method is gaining real-time records and rapid nondestructive analysis [4] . Dominant natural vibration periods of structures can be effectively determined by AVM [5] . Since natural period is among the most effective parameters for seismic demand of structures, determination of the period of a structure in the most realistic way is very important.
Ambient vibration tests of structures have been conducted for some decades. e U.S. Coast and Geodetic Survey started using ambient vibration tests to measure the fundamental periods of buildings in the 1930s [6, 7] . Later, Crawford and Ward [8, 9] showed that AVM can be used to determine the highest period and fundamental modes of vibration of fullscale structures. Trifunac [10] compared the wind-and microtremor-induced vibration test and forced vibration experiment results on the same two buildings and observed that the outcomes are consistent and comparable. Additionally, the AVM method is validated by direct comparison with smallamplitude forced vibration tests [11, 12] . Most frequent use of AVM involves identification of natural modes, mode-shapes, and equivalent viscous damping parameters of vibration of various full-scale buildings [13] [14] [15] [16] . Besides, AVM tests have been used to enhance the parameter approximations and the overall modelling of full-scale structures [4, 17, 18] . e ambient vibration measurements (AVM) are widely used in recent studies to determine dynamic properties of structures. Foti et al. used AVM to determine dynamic characteristics of a historical tower in Italy and for updating their 3D finite element model. e authors reported a very good match between theoretical and experimental modal parameters for the tower [19] . e method is also used for a field investigation on a damaged floor slab of a reinforced concrete frame building. It was observed that there was a 25-53% drop in natural frequencies of the damaged slab compared to the undamaged slab [20] . e dynamic characteristics of the masonry vault of a historical building have been identified by using the ambient vibration test [21] . Realistic estimation of RC building periods and effect of infill walls on the dynamic characteristics were also investigated using AVM [22] [23] [24] [25] . Both ambient and forced vibration surveys were used to investigate the dynamic properties of a six-story residential building in Istanbul, and mode shapes, modal frequencies, and damping ratios were determined [26] .
As aforementioned, there are many studies using AVM methods to evaluate building dynamic characteristics in the literature. However, as the regional construction practices affect the building properties, the reported values from different regions are important to enrich the current literature [27] . Additionally, it is stated in the literature that in situ measurement of full-scale partially damaged structures is of considerable interest [3] .
is study aims to evaluate present natural vibration period measurements from ambient vibration signal records from 40 buildings with different characteristics. e height of the building, infill wall effect, presence of seismic retrofit, and presence of damage are taken into consideration and their effects on natural vibration periods are investigated. Considering that the measurements related to seismically damaged buildings before and after retrofit and values before and after construction of infill walls are limited in the literature, this study provides valuable contribution to the literature.
Materials and Methods
e tests in scope of the study have been carried out in western Turkey, namely, in Denizli, Simav, and Kutahya towns. All these towns are subjected to the same tectonic regime which is dominated by widespread active continental extension. ese sites are formed by horst-graben systems which are bounded by active normal faults [28] [29] [30] (Figure 1 ). All the faults in three sites lie in the northwestsoutheast direction. e measurements were obtained on two orthogonal components at the same location (near the floor mass center) for minimum 30 minutes recorded by using a three-component CMG-6TD seismometer of Guralp Systems. e records were taken at the late nighttime as the noise magnitude was lesser and/or the buildings were not used so that the undesired interference was at the minimum. e measurements were repeated in each story to obtain consistent test data to calculate the vibration period of buildings properly. Required measurement duration of ambient vibrations is directly affected by environmental conditions. For example, the undesired environmental noise is much higher in studies related to determination of soil properties, so the measurement duration increases. Similarly, higher measurement durations may also be required to calculate higher mode periods with lower amplitude. However, since the study was limited to the measurement of the dominantmode period in the long and short direction of the buildings, 30 minutes of measurement time is found to be sufficient. In a similar study by Gallipoli et al. [32] , measurement duration was 10 minutes per building. Additionally, the measurements were repeated on each story and controlled to confirm the dominant-mode vibration period of the building across its height for possible inconvenience in measurements.
Geopsy software was used to evaluate the records [33]. To obtain natural vibration periods of structures, Fourier amplitude spectrum is calculated for each direction from measurement data. e highest amplitude frequency obtained from the spectrum corresponds to dominant vibration of the building in that direction.
Amplitude spectrums of the records with filtering of 0.1-20 Hz frequency were calculated by zeroing the start and the end points through a Cosine Taper Window. Attention was paid in the calculations to make sure that the measurement windows taken from records did not include the undesired peaks and noise. e tested buildings were categorized into two groups (sets):
(1) Nondamaged buildings (2) Lightly damaged and retrofitted buildings e first group (Set 1) includes low-, medium-, and highrise buildings that have reinforced concrete (RC) systems with infill walls. e vast majority of buildings have been constructed according to modern Turkish Earthquake Code [34] . e set includes 40 residential buildings with typical structural properties observed in the building stock of Turkey [35] . Concrete strength of examined buildings varies between 20 and 25 MPa. All buildings are constructed as RC frame without shear walls. Since the buildings are used as residential, the infill wall placement and ratios to story area have the similar trend. Construction stages of six buildings 2
Advances in Civil Engineering in this group are monitored; AVM tests were taken before and after the construction of infill walls. e measurements were taken as bare frame and frame with plastered infill walls. e second group (Set 2) has four residential buildings built before the Simav earthquake dated 2011, and they were lightly damaged and retrofitted ones [36, 37] . Although the dimensions, infill wall ratios, and purpose of construction are similar to those in Set 1, construction quality is poor. Concrete compressive strength of buildings in Set 2 was determined as 7 to 10 MPa in the field investigation. In scope of this paper, lightly damage is used for the buildings that have not any structural damage but common infill wall cracks.
e microtremor records were taken in this set before and after the structural retrofitting. It made possible to visualize the retrofitting effects on the natural period of these existing buildings. e buildings in Set 2 have been designed according to premodern Turkish Earthquake Code [38] . e characteristics of the buildings used in the study are shown in Table 1 .
Ambient Vibration Measurement Results
Amplitude spectrum graphs of a typical record are shown in Figure 2 . Peaks observed in the frequency between 4 and 6 Hz for both directions define dominant-mode vibration frequency of the building. Short and long directions describe geometrically the shorter and longer side of measured buildings, respectively.
Building Height and Period Relationship.
e distribution of natural vibration periods obtained for Set 1 with respect to the heights of the buildings is shown in Figure 3 . As expected, building periods increase with respect to height. e height-period curve defined in many regulations [39] [40] [41] and ambient vibration signal measurements were compared to evaluate the consistency of obtained data with other results in the literature. Empirical equation derived by Euro Code 8 is given in equation (1). T defines the building period and H defines the building height in the following equation:
Gallipoli et al. [32] derived equation (2) by using ambient vibration signal records taken from 244 buildings located in various regions in Europe:
Chiauzzi et al. [42] defined the height-period relationship in equation (3) by using ambient vibration signal records taken from twelve buildings located in Canada:
Based on the measurements in this study, a derivation of an empirical equation with respect to height-period parameters is given in 
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When results are compared, it is observed that the data obtained from Set 1 have similar tendency with the equation proposed by Gallipoli et al. [32] . e proposed equation by Chiauzzi et al. is successful to estimate the period of low-and mid-rise buildings. But the measured period values are higher for high-rise buildings. e code height-period curve resulted in estimations much higher than expected for all ranges possibly due to omitting the contribution of infill walls. Another significant point is that buildings used in data sets are residential buildings having similar characteristics. erefore, it can be assumed that these buildings having reinforced concrete frame systems are constructed in accordance with design codes and do not have great differences. For buildings with high amount of shear walls, lack of such a high-level relationship between height and period can be expected depending on the amount of shear walls [43] . Natural vibration period of a building is affected by various parameters such as stiffness, mass, and their distribution in the structure, as well as height. us, equations derived from buildings of a certain region may not represent the properties of buildings in another region. But the obtained results clearly indicate that empirical equations obtained from ambient vibration signal records are useful tools for period estimates when typical residential buildings are considered.
Infill Wall and Period Relation.
Although infill walls provide high stiffness to a structure under low amplitudes, they can be easily damaged under seismic loads because of their brittle characteristics [44] . Moreover, the strength of infill wall is influenced by numerous parameters such as material and mortar properties as well as production quality. erefore, it is reasonable that under large displacements, building periods even in elastic regions can be higher than the period values determined based on ambient vibration records. Within the scope of the present study, in order to investigate the effect of the presence of infill walls on the stiffness of the building, six residential structures in Set 1 were monitored during their construction stages and ambient vibration measurements were taken before and after construction of the infill walls. Both periods obtained from the ambient vibration measurements were compared. Periods calculated before and after implementing infill walls, as well as their variations, are shown in Table 2 . Comparison of the results shows that the building periods decreased by 6.6% to 30.3% after the construction of infill walls. e average change is approximately 15%. e change of building period decreases as the building height increases as shown in Figure 4 .
e obtained data indicate that there is a noticeable inverse correlation between the effectiveness of infill walls and the height of the building.
Effect of Retrofitting on Building Period.
e damage evaluation has been carried out on 144 buildings in the Simav region after 2011 Simav Earthquake [45] . In the scope of the current study, AVM of four lightly damaged buildings was taken before and after retrofitting and the results were compared. ere were hairline bending cracks in beams of reinforced concrete buildings and common infill wall damage. us, it can be said that infill wall stiffness contributions were at limited levels in Set 2 buildings compared to those in Set 1 and some of the reinforced concrete frame members reached to their cracked cross section stiffness. Table 3 shows period values measured before and after retrofitting, the added shear wall amounts (the area of shear walls divided by story area) for both directions. e comparison of period change with retrofitting shear wall ratio is shown in Figure 5 . It can be said that retrofitting using shear walls decreases natural vibration periods by 22.7% to 32.6% with respect to the shear wall ratio. Figure 5 clearly indicates a significant correlation between the ratio of shear walls and the observed decrease in the period.
Evaluation of the Building Period/Building Height Ratio.
e obtained data in the current study indicate that there is a significant correlation between period values and the Table 1 : Structural characteristics of the sets.
ID
No. of stories Design code S1-1 2 2007 S1-2 2 1975 S1-3 3 2007 S1-4 3 2007 S1-5 3 1975 S1- 6 3 1975 S1-7 4 2007 S1-8 4 2007 S1-9 4 2007 S1-10 4 2007 S1-11 4 2007 S1-12 4 2007 S1-13 4 2007 S1-14 4 1975 S1-15 4 1975 S1- 16 5 2007 S1-17 5 2007 S1-18 6 2007 S1- 19 6 2007 S1-20 9 2007 S1-21 9 2007 S1- 22 10 2007 S1- 23 10 2007 S1- 24 12 2007 S1-25 13 2007 S1- 26 15 2007 S1- 27 17 2007 S1-28 19 2007 S1-29 22 2007 S1-30 30 2007 S1-31 * 4 2007 S1-32 * 2 2007 S1-33 * 5 2007 S1-34 * 9 2007 S1-35 * Table 4 and Figure 6 . e highest average (0.030) period/building height ratio was calculated for buildings of Set 2 before retrofitting as expected due to its damaged structural system and infill walls. is value decreased to 0.024 with 20% change, after retrofitting. e existence of infill walls decreases period/building height Advances in Civil Engineering 5 ratio by 21% (the ratio changes from 0.024 to 0.019). When average values of Set 1 and preretrofitting Set 2 buildings are compared with each other, a 37% difference is observed. is difference is attributable to the observed damages in infill walls and cracked structural members of Set 2 buildings. e highest standard deviation was found for Set 1 buildings before infill walls were implemented (0.0115). e standard deviation was significantly lower for the buildings with infill walls (0.004). e observed difference clearly shows that the presence of infill walls is highly effective on the vibration period of buildings. e differences on structural members are more predominant for buildings without infill walls. Consequently, high ratio of scatter is observed.
Set 2 buildings exhibit relatively smaller ratio of scatter except for one measurement. Since the damage level of structural and nonstructural members and the influence on stiffness is not clearly predictable, the unexpectedly high ratio of vibration periods for some cases may be acceptable for Set 2. 6 Advances in Civil Engineering
Comparison of Test and Model Data.
e vibration periods obtained from ambient vibration measurements were compared with the periods obtained by analytical models. ree buildings in Set 1 were modelled with and without infill walls as 3-D models using SAP 2000 software [46] . Concrete compressive strength, steel properties and size of structural members were taken from construction drawings. e modelled buildings were reinforced concrete frametype structures without shear walls. e stiffness contribution of the infill walls that meet the FEMA-356 [47] and TEC-2007 [34] criteria was modelled as diagonal struts. e other infill walls with openings that prevent diagonal strut formation were considered as dead loads, only. Aerated concrete block is used in the buildings as infill wall element. Compressive strength and dry density of infill walls are assumed to be 2.5 MPa and 400 kg/m 3 , respectively [48] . Other dead loads such as slab weight were also considered as a distributed load at the beams. Since there were no records of seismic activity in the study area after construction of buildings and measurements taken just after the completion of construction, uncracked section stiffness is considered for the analytical model to have a more reasonable comparison. Although, diagonal struts modelling according to FEMA-356 is a simplified method, in the literature, it is stated to be a sufficient method to reflect the general stiffness contribution of infill walls [49] [50] [51] .
Comparison of the dominant periods is shown in Table 5, while the distribution of ratios of analytical and ambient vibration measurement results is given in Figure 7 .
e measurements of buildings of Set 1 were taken as soon as construction stage completed. When the results are examined, it is seen that analytical models exhibit close period estimates before infill walls implemented. Despite the variance increases between the analytical model and measurements after the infill walls implemented for some cases (especially S1-32), period estimates seem to be closer in most cases. Such differences are expected to be observed due to Advances in Civil Engineering 7 various assumptions made for the analytical models. e highest difference was calculated in the S1-32 building with infill wall for the short direction. e building period is measured as 0.32 s, while the building period is calculated as 0.46 s for the analytical model. e limited data in scope of the study suggest that significant differences (up to 70%) may present in analytical and measured periods of the buildings due to infill wall contributions.
Conclusions
Realistic determination of dynamic properties of the buildings is essential for consistent estimation of building behaviour. erefore, a study to examine the factors that may significantly affect the building period is conducted. e ambient vibration measurements (AVM) from 40 buildings are evaluated. e buildings include a set of 36 new residential buildings. Among them, the 6 residential buildings were tested before and after the construction of infill walls. AVMs from 4 buildings are taken before and after the structural retrofit. e conclusions from the study are as follows:
(i) ere is a close correlation between natural vibration periods and building height in RC frame buildings without shear walls and seismic damage. (ii) e period distributions of lightly damaged buildings in Set 2 have more scatter compared to Set 1 buildings. Because of decreased infill wall efficiency and the presence of structural members reaching cracked cross-section stiffness due to seismic effects, the calculated natural vibration periods of Set 2 buildings is higher than those of Set 1 buildings. (iii) Based on the measurements in this study, an empirical equation with respect to height-period parameters is derived as T = 0.0343H0.762. e obtained results revealed a similar distribution with height-period equations in the literature by using ambient vibration signal records, especially to the Gallipoli et al. [32] . However, the relationship "T = 0.075H0.75" used in Euro Code 8 and other many regulations revealed higher natural vibration period estimates than the measured periods. (iv) Six residential buildings in Set 1 are monitored during their construction stages, and ambient vibration measurements were taken before construction of infill walls; then; they were compared with the periods measured afterward. When the results are evaluated, it is found that building periods decreased by 7% to 30% (15% on average) due to infill wall contribution. e efficiency of infill walls decreases as the building height increases.
(v) Based on measurements carried out on lightly damaged buildings located in the Simav region, the structural retrofitting conducted with adding shear walls decreased the vibration period values by 23% to 33% with respect to the shear wall ratio. Moreover, a significant correlation is observed between shear wall ratio and the period change. (vi) In order to investigate changes of stiffness ratios of different sets, the measured period values are normalized by heights of buildings and compared. e highest period/height ratio, as expected, was found to be 0.030 for preretrofitted damaged buildings. After retrofitting, that ratio is calculated as 0.024 that corresponds to 20% decrease. e average period/height ratio decreased by 21% to 0.019 for Set 1 buildings after construction of infill walls. When average values of preretrofitted Set 2 and Set 1 buildings were compared, a 37% difference was observed. It can be said that the 37% difference is attributable to the damages observed on infill walls of Set 2 buildings and the presence of structural members reaching their cracked crosssection stiffness. (vii) ree buildings in the Set 1 are modelled in the computer environment; the natural vibration periods obtained from the modal analyses are Before infill wall After infill wall S1-33 S1-31 S1-32 Before infill wall After infill wall ID S1-33 S1-31 S1-32 0. compared with ambient vibration signal data. When the results are examined, it is seen that the analytical models have closer period estimates before infill walls are implemented. e limited data in scope of the study suggest that significant differences may present in analytical and measured periods of the buildings due to infill wall contributions.
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